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Interleukin-6 Enhances Murine Megakaryocytopoiesis in Serum-Free Culture
By Kenichi Koike, Tatsutoshi Nakahata, Tetsuo Kubo, Toshimi Kikuchi, Mineo Takagi, Akira Ishiguro, Kohichiro Tsuji, Kuniaki Naganuma, Akira Okano, Yukio Akiyama, and Taro Akabane W e investigated the effect of interleukin-6 (IL-6) on murine megakaryocytopoiesis in a serum-free culture system. The addition of IL-6 to a culture containing interleukin-3 (IL-3) resulted in a significant increase in the number of megakaryocyte colonies by bone marrow cells of normal mice. The megakaryocytic progenitors that survive exposure to 5-fluorouracil (5-FU) exhibited a more significant response to IL-6 and IL-3. Polyclonal anti-IL-6 antibody neutralized the stimulatory effect of IL-6 on megakaryocyte colony growth supported by IL-3. Delayed addition experiments and replating experiments of blast cell colonies showed that megakaryocytic progenitors are supported by IL-3 in the early stage of the development but require IL-6 for their subse-EGAKARYOCYTOPOIESIS has been believed to M be regulated by two types of factors, megakaryocyte colony-stimulating factor (Meg-CSF) and megakaryocyte potentiators.',* Meg-CSF stimulates the proliferation of the megakaryocytic progenitors, whereas potentiators increase the size and ploidy of the constituent cells of colonies. Interleukin-3 (IL-3) and granulocyte-macrophage colonystimulating factor (GM-CSF) also stimulate megakaryocyte colony formation.* Recently, factors specific for megakaryocytopoiesis have been purified by investigators in several lab~ratories,~.~ but have not been well-characterized at the level of amino acid sequence.
Interleukin-6 (IL-6) was originally described as a B cell differentiation factor. Recent studies have shown that IL-6 possesses a wide variety of biologic activities, including the synergistic action with IL-3 on the development of the multipotential hematopoietic progenitors in semisolid cuIture.6.x Our previous studies' have provided preliminary evidence that IL-6 supports the proliferation and differentiation of the progenitors capable of megakaryocytic lineage expression in the presence of serum or IL-3. Thean et a19 reported that megakaryocytic progenitor cells comprise a heterogenous population with regard to proliferation capacity, and that pretreatment of mice with 5-fluorouracil (5-FU) can help to elucidate the properties of megakaryocyte progenitors that may be equivalent to the high proliferative potential colony basis of these findings, we examined the role of IL-6 on megakaryocytopoiesis using the bone marrow cells of 5-FUtreated mice, as well as those of normal mice in a serum-free culture system.
MATERIALS AND METHODS
Female BDF, mice, 10-to 1 5-week-old, were obtained from the Shizuoka Experimental Animal Center (Shizuoka, Japan). Bone marrow and spleen cells were prepared in alpha-medium (Flow Laboratories, Rockville, MD). 5-FU (Kyowa Hakko Kogyo Co, Ltd, Tokyo, Japan) was given through the tail vein of the mice at a dose of 150 mg/kg." Spleen cells and bone marrow cells were harvested 4 days and 2 days after the 5-FU injection, respectively.
Human recombinant IL-6 was prepared by expressing a cDNA" for IL-6 in Escherichia coli followed by further purification." The specific activity was determined to be 3.6 x lo9 U/g using the IL-6 responsive human B lymphoblastoid cell line, SKW6-CL4." Murine recombinant IL-3 synthesized in yeast cells was a gift of Dr Ken-ichi Arai, DNAX, Research Institute of Molecular and Cellular Biology, Palo Alto, CA. Human recombinant granulocyte colony-stimulating factors (G-CSF) with a specific activity of 1 x 108/mg protein was provided by Chugai Pharmaceutical Co (Tokyo, Japan). Murine recombinant GM-CSF with a specific activity of 5 x IO8 U/mg protein was provided by Sumitomo Pharmaceutical Co (Hyogo, Japan). Polyclonal rabbit anti-IL-6 antibody (1.2 mg/mL) was made by immunizing rabbits with recombinant IL-6 in complete Freund's adjuvant, as reported by Hirano et al." Whole immunoglobulin was precipitated with 35% ammonium sulfate, and the IgG fraction was purified using a protein A-sepharose column. One microgram of this antibody neutralized the activity of 3 ng of IL-6, determined using Serum-free clonal culture was carried out in 35 mm Lux suspension culture dishes (No. 5221R, Miles Laboratories, Inc, Naperville, IL) using the technique described previo~sly.'~ Unless otherwise specified, the culture consisted of 1 x 104/mL bone marrow cells from normal mice, 4 x 104/mL bone marrow cells or 1 x I06/mL spleen cells from 5-FU-treated mice, alpha-medium (Flow Laboratories), 0.9% methylcellulose (Shinetsu Chemical Co, Tokyo, Japan), 1% crystallized deionized bovine serum albumin (Calbiochem-Behring Corp, La Jolla, CA), mol/L mercaptoethanol (Eastman Organic Chemicals, Rochester, NY), 300 pg/mL of fully iron-saturated human transferrin (approximately 98% pure; Sigma Chemical Co, St Louis, MO), 160 pg/mL of soybean lecithin (Sigma), 96 pg/mL of cholesterol (Nakarai Chemicals Ltd, Kyoto, Japan), and 40 ng/mL of IL-6 and/or 200
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Colony types were determined by observation in situ on an inverted microscope. We used "mapping studies" to determine the full potential of colonies supported by IL-3 and/or IL-6.I4 When a new colony appeared, its location on the plates was recorded, and subsequent growth and differentiation were followed every day. The colony type was classified according to the criteria described previo~sly.'~ Abbreviations for the colony types are as follows: GM, granulocyte-macrophage; M, megakaryocyte; GMM, granulocyte-macrophage-megakaryocyte; MAST, mast cell; and BLAST, blast cell colonies. Discrete aggregates of four or more cells were scored as M colonies, and the other types of colonies were defined as aggregates of more than 50 cells.
M and GMM colonies that were recognized in situ contained large cells with a nongranular, translucent cytoplasm and a highly refractile cell membrane, as shown p r e v i~u s l y . '~~'~ When culture dishes were examined every day on an inverted microscope, these cytologic properties of megakaryocytes could be readily observed in fully matured cells. To assess the accuracy of in situ identification of megakaryocytes in M and GMM colonies, individual colonies were lifted from the culture medium, spread on glass slides by a Cytospin I1 (Shandon Southern, Sewickley, PA), and stained with MayGrunwald-Giemsa and acethylcholine esterase. All M colonies were proven to consist of acethylcholine esterase-positive, large mature megakaryocytes. Morphologic examination of GMM colonies by May-Grunwald-Giemsa and acethylcholine esterase staining showed the coexistence of megakaryocytes, granulocytes, and/or macrophages. Subsequently, M and GMM colonies were identified in situ on an inverted microscope and were stained only for confirmation and special purposes.
In order to test the specificity of action of IL-6 on megakaryocytopoiesis supported by IL-3, we carried out replating experiments using blast cell colonies formed by IL-3. Spleen cells obtained from 5-FU-treated mice were cultured in the presence of 200 U/mL of IL-3. On day 9, blast cell colonies consisting of fewer than 300 cells were identified, harvested with an Eppendorf micropipette on an inverted microscope and pooled. After washing once, 140 cells were plated per dish with 40 U/mL of IL-3
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and/or 80 ng/mL of IL-6. In order to document the phenotypes of individual secondary colonies, we carried out "mapping studies" as described above. On day 12, we randomly picked up 10 GMM colonies supported by IL-3 and/or IL-6 to examine the stimulatory effect of IL-6 on the size of megakaryocytes. The diameter of 2 to 10 megakaryocytes randomly chosen from each GMM colony was measured by calculating the average of two perpendicular cell diameters using a microscope equipped with an ocular micrometer on May-Grunwald-Giemsa stained preparations.
All experiments have been carried out at least twice and have been shown to be reproducible. The data are expressed as the mean * SD of triplicate or quadruplicate plates containing 1 x lo4 bone marrow cells of normal mice or 4 x lo4 cells of 5-FU-treated mice. The probability of significant differences was determined according to Student's t test.
Statistical analysis.

RESULTS
Stimulatory effect of IL-6 on M colony formation. Using bone marrow cells from normal and 5-FU-treated mice, we examined the effect of IL-3 and/or IL-6 on megakaryocytopoiesis in a serum-free culture system. Data presented in Table 1 are representative of five independent experiments. In culture of bone marrow cells from normal mice, the combination of two factors caused a significant increase in the number of M colonies, but did not augment the growth of GMM, GM, and MAST colonies in comparison with IL-3 alone. On the other hand, addition of IL-3 and IL-6 to culture dishes containing bone marrow cells of 5-FU-treated mice resulted in a more significant increase in the number of M and G M M colonies than did IL-3 alone. Although G M colony formation was also enhanced by the combination of two factors, this increase was less in comparison with M and G M M colony growth. No colony was formed in culture dishes containing bone marrow cells of normal and 5-FUtreated mice with IL-6 or no factors. Data represent the mean f SD of triplicate plates containing 4 x lo4 bone marrow cells of 5-FU-treated mice. IL-3, 200 U/mL; IL-6, 40 ng/mL. 'Significantly different from IL-3 and IL-6 ( P < ,051.
tsignificantly different from IL-3 and IL-6 ( P < .01).
$Significantly different from IL-3 and IL-6 ( P < ,001). §Significantly different from IL-3 and IL-6 ( P < .02).
Next, we examined whether the polyclonal rabbit anti-IL-6 antibody neutralized the stimulatory effect of IL-6 on the formation of megakaryocyte colonies and multilineage colonies containing megakaryocytes. The results presented in Table 2 are representative of two independent experiments. Anti-IL-6 antibody was added to culture dishes containing bone marrow cells of 5-FU-treated mice with 200 U/mL of IL-3 and 40 ng/mL of IL-6. A dilution of 1:50 or 1:lOO of anti-IL-6 antibodies reduced M and G M M colony growth to the level seen in culture with IL-3 alone. However, the colony formation supported by IL-3 alone was not influenced by the addition of the antibody. These results suggest that IL-6 rather than contaminants of the preparation of IL-6 is the effector molecule in stimulation of megakaryocyte colony growth.
To study the role of IL-6 on stimulation of M colony growth, we carried out delayed addition experiment. Bone marrow cells (4 x lo4) derived from the 5-FU-treated mice were plated in a culture dish containing IL-3 or IL-6. The other factor was added on day 4 or 7. The results presented in Table 3 are representative of two independent experiments. Delayed addition of IL-6 to a culture with IL-3 resulted in a significant enhancement of M colony growth. The number of M colonies was approximately one-half or one-third that formed by IL-6 added at the beginning of culture. On the
Role of IL-6 in stimulation of M colony growth.
other hand, addition of IL-3 to the culture initiated with IL-6 allowed no colony formation. These results suggest the possibility that megakaryocytic progenitors are supported by IL-3 in the early stage of development but require IL-6 for the subsequent proliferation and differentiation. To test this premise, we did replating experiments of BLAST colonies. Fifteen-day 9-blast cell colonies consisting of 27 to 277 cells (mean, 133 cells per colony) were harvested and pooled from culture dishes containing spleen cells of 5-FU-treated mice with 200 U/mL of IL-3. After washing, 140 cells were plated per dish with 40 U/mL of IL-3 and/or 80 ng/mL of IL-6. Table 4 are representative of two independent experiments. Addition of IL-6 to the culture containing IL-3 significantly augmented the formation of M and G M M colonies in comparison with the effect of IL-3 alone (P < .001 and P < .01, respectively), while no increase was seen in the number of G M and MAST colonies.
Data presented in
When we serially observed culture dishes containing bone marrow cells of normal or 5-FU-treated mice, it was evident that some megakaryocytes in M and GMM colonies had been enlarged by the addition of IL-6 to the culture containing IL-3. To test whether IL-6 exerted the effect on the maturation stage of megakaryocytes, 10 individual GMM colonies derived from replated blast cells were randomly picked up from culture dishes containing IL-3 and/or IL-6 and spread on glass Effect of IL-6 on size of megakaryocytes. tsignificantly different from IL-3 alone (P < .01).
$Significantly different from IL-3 alone ( P < .001). §Significantly different from IL-3 alone ( P < .02).
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slides. The size of 60 randomly chosen megakaryocytes was measured from each group on the cytocentrifuged preparations stained with May-Grunwald-Giemsa. The results are presented in Fig 1. The average size of megakaryocytes seen in G M M colonies formed by IL-3 and IL-6 was significantly larger than that of megakaryocytes in GMM colonies grown by IL-3 ( P < ,001).
Effect of G-CSF or CM-CSF on M colony formation supported by ZL-3. Since G-CSF and GM-CSF have been shown to augment megakaryocyte colony g r o~t h , '~. '~ we compared the effects of G-CSF or GM-CSF on megakaryocytopoiesis supported by IL-3 with that of IL-6. A dose response study showed that plateau levels of G M colonies derived from bone marrow cells of normal mice were seen with more than 10 ng/mL of G-CSF and were seen with more than 1 ng/mL of GM-CSF (data not shown). Thereculture dish containing 200 U/mL of IL-3, 200 ng/mL of G-CSF, 10 ng/mL of GM-CSF, and 40 ng/mL of IL-6, representative of two independent experiments. While the number of G M colonies supported by G-CSF was approximately one-half those supported by IL-3 in serum-containing formation of a small number of G M colonies from bone marrow cells of normal mice in the serum-free culture system. The addition of G-CSF to culture with IL-3 resulted in no increase in GM, M, or G M M colony formation. On the other hand, GM-CSF significantly augmented G M colony growth supported by IL-3, but had little effect on the enhancement of M and G M M colonies.
Next, we compared the colony growth supported by the different combination of the factors in culture with bone marrow cells of 5-FU-treated mice. As shown in Table 6 , 200 ng/mL of G-CSF supported no colony growth. However, addition of G-CSF to a culture with IL-3 resulted in a signficant increase in the number of G M colonies, but had little effect on the enhancement of M and G M M colony
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fore, bone marrow cells of normal mice were plated in a alone or in combination. The results presented in Table 5 are G-CSF, 200 ng/mL; GM-CSF, 10 ng/mL.
growth. GM-CSF alone supported the formation of a small number of GM colonies. A combination of GM-CSF and IL-3 did not increase the number of M and GMM colonies over the level supported by IL-3.
DISCUSSION
Using a serum-free culture system, we showed in this study that IL-6 did not support any colony formation by itself, but increased the number of M colonies in cultured bone marrow cells of normal mice grown with IL-3, which is consistent with the results described by Rennick et aIz0 and Ishibashi et ai." On the other hand, IL-6 failed to increase the number of M colonies supported by IL-3 derived from spleen cells of normal mice.8 These different results may be related to the production of endogenous IL-6 by co-existing nonhematopoietic cells, as reported by Bergkamp et a l z 2 since the number of spleen cells plated in a culture dish was 40-fold more than that of bone marrow cells. Although we did not perform single cell culture, replating experiments of only 140 blast cells into a culture dish containing IL-3 and/or IL-6 suggested the direct effect of IL-6 on megakaryocytic colony growth.
In comparison with the more mature progenitors, IL-6 enhanced more significantly the growth of M and GMM colonies derived from progenitors surviving after the treatment with 5-FU. This stimulatory effect was neutralized by the addition of anti-IL-6 antibody, showing the important role of IL-6 in stimulation of megakaryocytic colony growth. These observations suggest that IL-6 acts with IL-3 on the proliferation and differentiation of the primitive progenitors capable of megakaryocytic lineage expression to a greater extent than on that of the more mature populations, and that IL-6 treatment may be a potential clinical strategy for the chemotherapy-induced thrombocytopenia.
Other investigator^,'"'^ using a serum-containing culture, indicated that the addition of G-CSF or GM-CSF to IL-3-treated cultures of normal murine bone marrow cells increased the number of megakaryocyte colonies compared with cultures containing IL-3 alone. However, the present study, using a serum-free culture method, showed that neither G-CSF nor GM-CSF significantly enhanced M or GMM colony growth supported by IL-3 from bone marrow cells of normal mice. In addition, G-CSF added to a culture containing bone marrow cells of 5-FU-treated mice and IL-3 increased the GM colony growth, but had little effect on the enhancement of M and GMM colony growth in comparison with IL-6. These results suggest that the factor that synergistically acts with IL-3 is not always capable of directing the development of the primitive progenitors to the megakaryocytic pathway. Alternatively, IL-6 may provide a favored state for the development of the primitive progenitors into megakaryocytic lineage. Delayed addition of IL-6 to a culture containing IL-3 resulted in a significant enhancement of M colony growth, while a delay of IL-3 addition to culture initiated with IL-6 allowed no colony formation. Furthermore, in the replating experiment, IL-6 significantly augmented the formation of M and GMM colonies derived from blast cells grown by IL-3. These results suggest that megakaryocytic progenitors are supported by IL-3 in the early stage of development and require IL-6 for subsequent proliferation and differentiation.
In addition, IL-6 increased the size of megakaryocytes in GMM colonies, which is consistent with the results reported by Ishibashi et a].*' This function is similar to that of megakaryocyte potentiators' or thrombopoietin.2 Together with the previous studies,* the present data indicate that the influence of IL-6 not only extends to the development of multipotential progenitors but also to the proliferation and differentiation of megakaryocytic progenitors and the maturation stage of megakaryocytes. use only.
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